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ABSTRACT
In order to determine whether heat shock proteins (HSP) can be used as
indicators of environmental stress in the mammalian organism Peromvscus leucopus.
three doses of each of two chemical stresses, cadmium chloride and 2,4,5trichlorophenoxyacetic acid (2,4,5-T), were given intraperitoneally for 14 days.
Proteins extracted from liver samples were compared by one-dimensional gel
electrophoresis to liver protein samples from heat shocked and control animals.
HSPs of 105, 78, and 43 kDa were cadmium inducible. Non-heat shocked cadmium
inducible proteins of 118,55, and 47 kDa were seen. 2,4,5-T induced an increase in
a 91 kDa protein. Low level cadmium induction of HSPs suggests useful
applications in toxicological and general environmental tests.
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INTRODUCTION
Heat shock occurs when an organism is exposed to a transient increase in
temperature that would be lethal if maintained for a prolonged period of time. The
organisms normal cooling mechanisms, such as evaporative cooling of sweat in
humans, can not keep the body temperature within a acceptable range during heat
shock. After recovery from heat shock, an organism’s thermotolerance is increased;
i.e., a greater body temperature increase is necessary to induce heat shock (reviewed
by Ashbumer 1982 and Lindquist 1986). Thus, the organism is capable of
surviving grater increases in body temperature following recovery from heat shock.
Molecular research on the heat shock response started in 1962 when Ritossa
observed that puffs appeared on polytene chromosomes of Drosophila busckii
within 5 min after a transient rise in temperature (Ritossa 1962). The polytene
chromosomes of Drosophila salivary glands are amplified: many copies of the
chromosomes are regularly arranged and so appear banded when viewed using a
light microscope. Puffed areas where the chromosomes are irregularly arranged
appear periodically. It was later shown that temperature shifts from 25°C up to
37°C for 10- 30 minutes were sufficient to initiate puffs in Drosophila melanogaster
(Lindquist 1980). These puffs, associated with newly synthesized RNA, were
concluded to be sites of active gene expression. Some puffs that were present
before heat shock were absent after heat shock. This pattern of chromosome puffing
suggested that transcription was curtailed at previously active chromosomal sites and
initiated at several new loci (Lindquist 1980). Subsequently, several other
Drosophila species were shown to have this response to heat shock (reviewed by
Lindquist 1986).
Tissieres et al. (1974) showed that six polypeptides are induced by heat
shock treatment,while other previously existing polypeptide bands were reduced in
intensity. Salivary glands, brain, malpighian tubules and imaginal disc tissues
showed this heat shock protein (HSP) response (Tissieres et al. 1974). By
incubating heat shocked Drosophila melanogaster tissue with medium containing
35S-methionine and sampling at discrete time intervals following heat shock,
Tissiere’s determined that Drosophila HSP production was transient, peaking
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between 30 min and 1 hr after heat shock and disappearing by 13 hours post heat
shock (Tissiere's et al. 1974). This pattern correlated with earlier polytene
chromosome puffing experiments (Ashbumer 1970; Berenders 1968; Leenders et al.
1974;Ritossa 1962).
HSP FAMILIES
All organisms from bacteria to man produce HSPs (reviewed by Ashbumer
1982). Stresses other then heat can induce these proteins and they appear to be a
general response to stress. In addition, HSPs are among the most highly conserved
proteins in nature and molecular weights are often conserved across phyla. This has
allowed the grouping of related HSPs by their molecular weights (MW). Most
multicellular eucaryotes produce several HSPs with MWs of approximately 70
kilodaltons (kDa), several around 25 kDa and a group around 90 kDa (reviewed by
Ashbumer 1982; Lindquist 1988; Welch et al. 1982) In addition, vertebrates also
produce HSPs between 100 and 110 kilodaltons (Welch et al. 1982). Some HSPs
are even related across kingdoms but their MWs are not conserved (reviewed by
Lindquist 1986).
HSP 70 is one of the most conserved proteins in nature. E. coli's dna K
gene product has 50% homology by amino acid sequence to Drosophila HSP 70
(Bardwell and Craig 1984). Furthermore, the E. coli Dna K protein yeast HSP 70,
chicken fibroblast HSP 70, and human HSP 70 all have antigenic crossreactivity
with antibodies to Drosophila HSP 70 (Kelly and Schlesinger 1982).
Consequently, HSP 70 genes of these species are presumed to be highly related
(reviewed by Lindquist 1988). Partial sequence homology suggests that multiple
genes related to HSP 70 gene exist in yeast, Drosophila and human cells. There are
at least 10 genes related to HSP 70 gene in yeast (Craig et al. 1982), nine in
Drosophila (Craig et al. 1983), and three in humans (Goate et al. 1987).
There are four to five HSPs with MWs of 110,100, 90, 83, and 78 kDa in
most vertebrates. These proteins are induced both by heat shock and glucose
starvation (Carlsson and Lazarids 1983; Subjeck et al. 1983; Welch et al. 1982;
Welch et al. 1983) and are often referred to as glucose regulatory proteins (Grp).
Antibody cross-reactivity shows relationships between human, mouse, frog and
Drosophila high molecular weight HSPs (Schlesinger et al. 1982). Also, Gip 78
has an N-terminus region homologous to the HSP 70 family (Chang et al. 1987).
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The 110 kDa HSP is associated with the fibrillar component of the nucleolus
(Subjeck et al. 1983). The fibrillar component of the nucleolus is believed to be
involved in ribosomal RNA (rRNA) processing. Antibody staining indicates that
HSP 110 is constitutive. Prior RNAase treatment prevents staining and indicates the
110 kDa HSP is associated with RNA (Subjeck et al. 1983). The 100 kDa
mammalian HSP has been shown to be located in or near the Golgi apparatus and, to
some extent, the perinuclear region by immunological staining techniques (Lin et al.
1982).
The 90 kDa HSP is associated with glucocorticoid receptors and HSP 83 is a
soluble cytoplasmic protein (reviewed by Lindquist 1988; Sanchez et al. 1985).
These HSPs show structural relationships between each other. HSP 90 and HSP 83
have 65% homology over the first 37 amino acid residues and 90% homology in
selected regions of their genes (Farrelly and Finkelstein 1984). An E. coli htpG
gene shares 41-42% homology to the gene of HSP 83 kDa protein of humans and
Drosophila with some regions of 90% homology between these proteins (Bardwell
and Craig 1987).
There are four genes on chromosome three of Drosophila that produce four
highly related proteins of molecular weights 27,26,23, and 22 kDa (Ingolia and
Craig 1982; Southgate et al. 1983). They show sequence homology over 50% of
their length. A similar 28 kDa mammalian HSP shows sequence homology to yeast
and chicken HSP 26 (Arrigo et al. 1986). The predicted amino acid sequence from
cDNA studies suggest that all these proteins are related to each other and to
mammalian alpha-crystallin, a tetrameric structural protein of the ocular lens (Ingolia
and Craig 1982). These genes may be the result of gene duplication followed by
small alterations that allow very similar genes to encode for proteins with vastly
different functions.
Mammalian cell lines have a heat shock response similar to that of all other
organisms. Most mammals produce at least 110 kDa, 100 kDa, 90 kDa, 83 kDa, 70
kDa, 27 kDa, 26 kDa 24 kDa, and 22 kDa HSP but mammalian cells vary in the
rates of transcription and translation of each protein (Carlsson and Lazarides 1983;
Welch et al. 1982). Rat embryo fibroblasts synthesize a 72 kDa protein within 30
min of heat shock; maximum HSP accumulation occurs within 2 hrs and normal
protein synthesis returns within 8 hrs (Welch and Feramisco 1984). In human Hela
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cells, maximum HSP 70 RNA synthesis occurs within 16- 20 hrs post heat shock
and levels of transcription can increase by 10-12 fold (Nevins 1982; Wu 1984).
CONDITIONS AND MECHANISMS OF INDUCTION
HSPs are produced in response to cellular stress. Many stresses can induce
a HSP response including heat shock, viral infection, ethanol, glucose starvation,
DNA damage, transition metal exposure, cold shock, and even trauma (reviewed by
Ashbumer 1982; Neidhart et al. 1984; Lindquist 1986,1988 ). The large variety of
stresses capable of inducing HSPs seem to have little in common. Most scientists
have focused on finding a mechanism for thermal activation of the heat shock
response and then trying to fit this model to other known HSP inducing agents. A
close examination of the HSP response has led to several theories on a common
mechanism.
The temporal dynamics of the HSP response limits the possible mechanisms
of gene induction to transcriptional control. The transcription of E. coli HSP genes
occur within 15 sec. of exposure to critical temperatures (42 °C) in the presence of
rifampin (Yamamori and Yura 1980). Maximum HSP synthesis in E. coli occurs
within 5 minutes of heat shock (Yamamori and Yura 1980). A 10-50 fold increase
in HSP synthesis can occur after increases or decreases in temperature (Yamamori et
al. 1978), and Neidhardt et al. (1984) suggesting that the magnitude of the change in
temperature, whether an increase or decrease, seems to be as important as the actual
temperature itself. HSP synthesis is typically transient in E. coli. lasting only about
30 min. However, at lethal temperatures, such as 52°C, normal protein synthesis
stops and only HSPs are produced until cell death occurs (reviewed by Neidhardt et
al. 1984).
The factor responsible for transcription of HSPs in E. coli has been isolated
and characterized. A temperature conditional lethal mutation in the htpR gene was
found to affect an entire set of heat shock genes (Yamamori and Yura 1982). The
mutation prevented the synthesis of several HSPs at elevated temperatures and it's
product was suspected to be a transcriptional factor. The htpR 32 kDa gene product,
later called sigma 32 factor, is similar to sigma factor 70 of the RNA polymerase
complex (Landick et al. 1984). Sigma 70 factor helps RNA polymerase bind to
promoter regions of genes. Sigma 32 is an antagonist to sigma 70 factor and during
heat shock sigma 32 out-competes sigma 70 for binding to the RNA polymerase
complex, allowing RNA polymerase to transcribe HSP genes selectively (reviewed
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by Neidhardt et al. 1984). These sigma factors explain the quick transient response
of E. coli. A rise in temperature increases RNA polymerase binding affinity of
sigma 32 factor and lowers the binding affinity of sigma 70. Thus, at high
temperatures sigma 32 factor-facilitated transcription is initiated. Heat shock also
induces sigma 70 transcription (Chamberlin 1974). Providing for a rapid switch to
normal protein synthesis when the temperature returns to normal and sigma 70 outcompetes sigma 32 for RNA polymerase.
In Drosophila, the HSP response also occurs quickly, and is controlled both
at the levels of transcription and translation. Chromosome puffs in Drosophila
appear within one minute of heat shock and suggest that a transcriptional factor
already present induces HSP synthesis (Ashbumer and Bonner 1979). Bienz
(1982) showed that heat shock results in selective translation and translocation of
messenger RNA (mRNA) already in the cytoplasm since enucleated or alphaamauitin(polymerase 13 transcription inhibitor)-injected oocytes are capable of HSP
70 synthesis. Because normal protein synthesis decreased below the level expected
for the amount of non-HSP mRNA remaining, Bienz (1982) suggested that
physiological conditions under heat shock cause conformational changes in mRNA
that may assist in the selective translocation of HSP mRNA to ribosomes and inhibit
normal mRNA translocation. Selective mRNA translocation may also explain some
of the conservation in HSP genes. The ability of a mRNA to translocate onto a
ribosome may be considered a selective trait. Such a trait would be subjected to
natural selection and expected to be conserved. Therefore, a gene that produces a
mRNA efficient at translocating to ribosomes under heat shock conditions is being
selected for by both mRNA conformation and protein function. Regions of a HSP
gene that may not be important for protein function, may contribute a RNA structure
necessary for translocation on to ribosomes at elevated temperatures. Consequently,
this may explain the small evolutionary divergence of HSP genes.
Eucaryotes have a transcriptional factor that binds to a conserved promoter of
most eucaryotic HSP genes (Pelham 1982;Sorger and Pelham 1988; Wu 1984; Wu
and Morimoto 1985). Deletion mutations indicate that the heat shock transcriptional
factor (HSF) binds to a conserved region -47 to - 66 base pairs upstream of the
transcription initiation site (Pelham 1982). Exonuclease digestion of Drosophila
HSP 70 and 83 upstream promoters indicate that a transcription factor is bound
between -8 to -38 and -40 to -108; and -17 to -39 and -50 to -86 base pairs from
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initiation of transcription in HSP 70 and HSP 83 respectively (Wu 1984). In yeast,
HSP gene transcription appears to involve phosphorylation of a heat shock initiation
factor (HSF) (Sorger and Pelham 1987). Although the factors responsible for
transcription initiation are known for some procaryotes and eucaryotes, how so
many different stresses trigger this same response is not clear.
Theories have been proposed to explain the universal nature of HSP
synthesis following a variety of stresses, and a common mechanism has been
sought. In E. coli. heat can directly induce HSP because sigma 32 will out-compete
sigma 70 at high temperatures (reviewed by Neidhardt et al. 1984). In eucaryotes, a
transcription factor is involved, but it is not known how this factor is induced.
Since the HSP response is initiated by one or very few transcriptional factors, a
common trigger that activates those factors is possible.
Because heat shock and ethanol both cause oxidative stress, Leenders et al.
(1974) proposed that interruptions of oxidative phosphorylation induced the HSP
response. However, while yeast mutants without a functional respiratory chain
initially produce HSPs at high temperatures, continued incubation at elevated
temperatures (39 °C) causes very rapid reduction in HSP synthesis (Lindquist et al.
1982). This shows that, in yeast, oxidative stress is not the only inducer of HSPs
but may play a role in regulating the response.
Varsharsky (1983) proposed that alarmones, dinucleotide tetraphosphates
with the general form NppppN, are a common trigger for HSP synthesis since they
are produced under many of the same conditions that induce HSPs such as oxidative
stress, ultraviolet light, and nalidixic acid ( Krueger and Graham 1984; Travers and
Mace 1982). Varsharsky (1983) suggested that a premature airest of the replication
fork of DNA under such conditions leads to alarmone synthesis, thus triggering the
heat shock response. The dinucleotide AppppA can be formed through an obligate
aminoacyladenylate intermediate by aminoacyl-tRNA synthetases (Varsharsky
1983).
Anathan et al. (1986) proposed that protein denaturation activates HSP
synthesis. In frog oocytes co-injected with purified proteins and HSP genes,
activation of genes occur when proteins were denatured prior to injection; activation
did not occur when proteins were injected in their native form. Denatured bovine
beta-lactoglobulin, bovine serum albumin, human globin and hemoglobin were
shown to promote HSP. According to the regulatory mechanism proposed by

Anathan et al. (1986), a constitutively produced activating factor that is rapidly
degraded by proteolytic enzymes could compete with denatured proteins for
degradation. If there are many denatured proteins, then the concentration of the
activating factor increases and binding occurs near the HSP genes and acts as an
enhancer of transcription. If the Anathan et al. (1986) hypothesis is correct, then the
eucaryotic HSP transcription factor is either highly susceptible to protein degradation
or another factor is affected by denatured proteins which in turn affects the
transcription factor.
FUNCTIONS OF HSPs
Even though HSP genes can be manipulated with genetic techniques, their
individual functions are still unclear. HSPs play a considerable role in promoting
thermotolerance. Cells having produced HSPs are more resistant to further heat
shock (Anderson et al. 1988; Finley et al. 1987; Li and Werb 1982). Studies of
mutant cells that lack HSPs or produce them constitutively suggest a direct
relationship between HSP levels and thermal tolerance(reviewed by Lindquist
1988). Direct insertion of a plasmid containing the human HSP 27 gene into mouse
and Chinese hamster ovary cells increases thermal tolerance (Landry 1984).
Microinjection of HSP 70 antibodies into fibroblast results in death when heat
shocked (Riabowol et al. 1988) thus showing that HSP 70 is required for thermal
tolerance.
It is possible that all stresses that induce the HSP response affect a single or
small set of related cellular functions. The two best supported theories suggest that
heat shock proteins protect cells from either DNA or protein alterations. DNA is a
dynamic molecule and changes in temperature or chemical environment can affect the
equilibrium of DNA structures. Ultraviolet light and nalidixic acid disrupt the
structural integrity of DNA and induce HSPs (Krueger and Graham 1984; Travers
and Mace 1982). Antigenic labeling of Drosophila HSP 70 show that this protein
concentrates in the nucleus during heat shock (Velazquez and Lindquist 1984).
During the recovery from heat shock this protein returns to the cytoplasm.
However, if a second heat shock is applied, it is transported back to the nucleus.
This nuclear accumulation of HSP 70 also occurs during anoxic stress (Velazquez
and Lindquist 1984). The four small HSP of Drosophila that are homologous to
alpha-crystallin may serve to protect DNA by forming a scaffolding similar to the
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800,000 kDa aggregate of alpha-crystallins in the vertebrate ocular lens (Ignola and
Craig 1982).
There is strong evidence for HSP functioning to protect protein
conformations. Proteins must be folded into proper conformations to obtain a
functional structure. Proteins must also cross hydrophobic membranes during
intracellular transport in eucaryotes. Some proteins can fold into active states after
denaturation with heat or stresswith the kinetic energy available under physiological
conditions, but others can not renature properly. Ellis (1987) proposed that HSPs
act as molecular chaperones. He noticed that histones needed nucleoplasm to form
nucleosomes under physiological conditions and that heavy chain immunoglobulins
needed a protein factor (BiP) to assemble into antibodies. He suggested that HSPs
are needed for protein folding, but then do not appear in the final product.
Several studies have supported protein conformational theories. HSP 70
acts as a clathrin uncoating ATPase in vitro (Chappell et al. 1986). Clathrin forms a
trimeric cage structure that is involved in intracellular transport of membrane bound
vesicles. HSP facilitates the disassembly of the clathrin cage structures. A
proposed mechanism for HSP 70 consists of alternating binding of hydrophobic
sites and conformational changes driven by ATP hydrolysis (Chappell et al. 1986).
A nuclear-encoded 60 kDa HSP has been shown to be an assembly factor for
proteins translocated into the mitochondrion matrix (Cheng et al. 1989). Ornithine
transcarbamylase is transported into the mitochondria matrix but does not assume an
active trimeric structure without this factor. Cheng et al.(1989) suspected that this
protein forms a molecular scaffold needed for proper folding of imported proteins.
HSP 78 has been localized in the endoplasmic reticulum lumen by
immunological staining, and appears to bind to transmembrane and misfolded
proteins (Gething et al. 1986; Munro and Pelham 1986). There is strong evidence
including polypeptide mapping, cDNA comparisons, and in vitro translation studies
that Grp 78 is a B lymphocyte immunoglobulin heavy chain binding protein (BiP)
(Munro and Pelham 1986). BiP binds to immunoglobin heavy chains in the
endoplasmic reticulum prior to its association with the light immunoglobin chain.
A procaryotic example of a HSP molecular chaperone exists in the heat
inducible Gro EL protein of E. coli Photoactivated crosslinking demonstrated that
unfolded pre-beta-lactamase is transiently associated with this protein (Bochkarera et
al. 1986).
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HSP 90 is a major component of a glucocorticoid receptor in murine
fibroblasts and probably holds the receptor in an inactive state (Lee et al. 1984;
Sanchez et al. 1985). These homeostatic roles could explain why studying isolated
HSPs in vitro have yielded little information on their function. HSPs appear to
promote conformational changes rather than chemical reactions.
Several studies have shown increased rates of translocation of proteins
across membranes due to HSPs. Two constitutively expressed 70 kDa HSPs
increase the rate of protein translocation into microsomes of yeast cytoplasm extract
(Chirico et al. 1988). Four yeast 70 kDa HSPs SSA1-SSA4, have been shown to
be factors in precursor polypeptide translocation across mitochondrial and
endoplasmic reticulum membranes (Deshaies et al. 1988).
HSPs that facilitate protein translocation across membranes could explain the
universal nature of HSPs needed to combat stress. The popular theory of protein
translocation across membranes assumes that a second sequence in addition to the
target sequence is needed for protein translocation (Colman and Robinson 1980;
Hartel et al. 1987; Van Loon et al. 1986). If the second sequence serves as an
anchor, then a protein's final destination would be dependent on the effectiveness of
that anchor. HSPs helping to provide an unfolded state for membrane translocation
would affect the dynamics of the anchor system. Both hypothermic and
hyperthermic conditions would change the amount of kinetic energy available and
affect the anchor. Changes in intracellular pH, or hydrophilic and hydrophobic
properties of proteins could also affect this anchor. Some HSP that unfold proteins
or hold them in an unfolded state may be involved in regulating the rate and,
consequently, the effectiveness of protein translocation across membranes.
STRESSES
In this experiment two vastly different stresses were tested for their ability to
elicit a heat shock response. The proteins produced by exposure to these stresses
were compared to the proteins produced in response to heat. One stress, cadmium
chloride, is an inorganic salt. The other stress, 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T), is an organic herbicide.
Cadmium chloride is a common industrial chemical known to induce HSP
synthesis in a variety of organisms (Courgeon et al. 1984; reviewed by Lindquist
1986). Cadmium has been shown to induce HSPs at levels far below its LD50 in
Drosophila cells (Courgeon et al. 1984). Cadmium also has been known to cause
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kidney failure and bone deformations in long-term, low-level exposure (Friberg et
al. 1971), both common symptoms of Ita Ita disease extensively studied in Japan.
It also is a potent toxicant causing emetic effects, renal failure, liver damage and
cardiopulmonar depression at acute doses above 3 mg for the average man
(Directorate-General 1978). There is currently no agreement regarding levels of
CdCl2 exposure at which effects are produced (Directorate-General 1978).
The defoliant, 2,4,5-T, has produced considerable controversy over the past
25 years. It was used in a 1:1 mixture with 2,4-dichlorophenoxyacetic acid (2,4-D)
in Agent Orange in Vietnam (Cecil 1986). Both compounds are classified as plant
growth hormones (President 1971). In 1972, 2,4,5-T was banned due to the
presence of a highly toxic impurity, tetrachlorodibenz-p-dioxin (TDD). Subsequent
improvements in processing have lowered the dioxin contaminant in commercial
grade 2,4,5-T from 70 to five ppm. Some investigators claim that 2,4,5-T is a
potential health hazard. Teratogenic effects have been reported with purified 2,4,5-T
that contained 30 ppm dioxin (Courtney et al. 1970). Jumping and pecking
behavioral changes in chicks exposed during incubation have been reported with as
little as 0.03 ppm of dioxin contaminant (Sanderson and Rogers 1981). If this effect
is attributed to dioxin contamination alone, it would be considered one of the most
toxic compounds on earth. Therefore, 2,4,5-T is believed to be a health hazard,
even though a mechanism for such low level toxicity is not known.
PURPOSE
It appears that HSPs are the result of a physiological response to stress and
their presence may be an effective indicator of stress in the environment of the
organism that is exhibiting HSP production. This study will demonstrate the
feasibility of detecting environmental stress with a heat shock protein assay. The
sensitivity of the heat shock response suggests that a heat shock assay could serve as
a way of measuring an organism’s response to stress. HSPs can be induced by
doses of heat or chemicals far below lethal levels (reviewed by Lindquist 1986). All
known organisms exhibit a heat shock response (Ashbumer 1982), and the high
conservation of the genes/proteins could make them a universal indicator of
environmental stress. It is common for toxicological studies to focus on detection of
small levels of toxicant in the environment, then estimate its potential toxicity based
on high dose studies such as an LD50 test. A LD50 test is accomplished by giving
increasing acute to lethal doses of a toxicant to experimental groups. The results are
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reported by estimating the dose at which 50 % of the animals would die by a
regression analysis calculation. This is a very uncertain way of estimating stress,
since it requires the assumption that a relationship between the stress and the toxicity
continues beyond the tested range. An HSP test would avoid this biased estimate of
toxicity by directly measuring the cellular response to stress. The large variety of
stresses which induce HSPs suggests that HSP production is a response to general,
rather than specific, effects of stress. Thus, it could be used as an unbiased way to
compare toxicity of different substances.
Peromvscus leucopus. the white footed deer mouse, was used as a
mammalian model for this study. The genus Peromvscus is widely dispersed
throughout the United States and can thus be used as a model in further studies,
including field studies. Most HSP studies to date have focused on

tingle timed

stress. The stress is applied and the heat shock response is measured. In nature,
stresses often occur over longer periods of time. In this study 14 day exposures of
2,4,5-T and cadmium chloride, stress were used to determine the feasibility of
using heat shock proteins as indicators of environmental stress.
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MATERIALS AND METHODS
ANIMAL ENVIRONMENT
A breeding colony of 50 Peromvscus leucopus was obtained from the
University of South Carolina. Animals were paired in plastic cages with wood
shaving bedding and kept in a windowless room at 25 °C on a 12L: 12D light cycle.
For two weeks prior to experimentation, the animals were individually housed.
Purina rodent chow and water were provided ad libitum.
EXPOSURE
Eight groups of six animals (three male and three female) were given daily
intraperitoneal injections for 14 days. Two of the eight groups were injected with
0.9% saline. One group later served as a control and the other was subjected to a
heat shock one day after the last injection. Three groups were given cadmium
chloride of 0.1, 0.01, and 0.001 mg/kg/day, and three groups were given 2,4,5-T
of 3.0,0.3, and 0.03 mg/kg/day in a injection volume of 0.1 ml/lOg body mass.
The middle group in each case received a dose considered to be just under the
minimum concentration needed to induce a physiological effect (Directorate-General
1978). The higher dose was expected to induce a detectable response because it is
ten-fold above the physiologically detectable limit The low dose is 10% of the no
effect dose. The weight of each animal was recorded to standardize doses before the
first injection and after seven injections.
HEAT SHOCK
The heat shock group was exposed to 42°C for 20 minutes one day after the
last saline injection. The heat shock apparatus consisted of a clear plastic chamber
partially submerged in a 42°C water bath. Air was perfused through the chamber at
approximately 1600 ml/min. Animals were allowed to recover from heat shock for
two hours.
PREPARATION OF CELL EXTRACTS
Animals were euthanized with 0.1ml euthanol {6grs/ml phenobarbitol,
10%(vol/vol) isopropanol, and 18% (vol/vol) propyleneglycol} one day after the last
injection or two hours after heat shock. The livers were immediately removed and
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placed in a lysis buffer consisting of 5mM phenolmethylsulfonylfluoride in 10 mM
sodium phosphate at pH 7.0. Each sample was homogenized for 5 min in a glass
homogenizer and placed on ice. The samples were centrifuged at 3000g for 30
minutes and the supernatant was recentrifuged for 30 min at 5000g. Temperature
during centrifugation was maintained at 4 ° C . The supernatant of the last
centrifugation was assayed for protein concentration by a modified Lowry (1951)
method as outlined in Current Protocols in Molecular Biology without TCA
precipitation (Ausubel et al. 1987). Aliquots of the extracts were diluted 20 - 40 fold
with distilled water prior to the addition of copper sulfate and Folin Ciocalteu’s
phenol reagent. Cell extracts were stored at - 20 °C to prevent degradation.
GEL PREPARATION
A 36:1 acrylamide : bis-acrylamide discontinuous sodium dodecylsulfate
(SDS) polyacrylamide gel was used to separate polypeptides in the cell extracts. The
five mm 4% acrylamide stacking gel contained 0215 % SDS (wt/vol) and 1.5%
(wt/vol) Trisma base pH adjusted to 6.8 with HC1. The lower gels contained
0.275% SDS(wt/vol) and 4.55%(wt/vol) Trisma base with the pH adjusted to 8.8
with HC1. Gel solutions were degassed for 20 minutes for lower gels and 5 minutes
for stacking gels. Polymerization was catalyzed by the addition of 5 ul 10%(wt/vol)
ammonium persulfate and 0.5 ul TEMED per ml of gel solution. Gels were
prepared in a Bio-Rad Mini Protein gel electrophoresis unit. Reservoirs were filled
with a solution of 0.1% (wt/vol) SDS, 1.44% (wt/vol) glycine, and 0.3% (wt/vol)
Tris HC1 pH 8.0.
GEL ELECTROPHORESIS
Cell extracts were diluted 1:1 with application buffer, boiled for 5 minutes,
and applied to SDS PAGE gels. The application buffer contained 0.04%(wt/vol)
SDS, 10% (vol/vol) beta mercaptoethanol, 20%(vol/vol) glycerol, 0.005%(wt/vol)
bromophenol blue tracking dye, and 1. 5%(wt/vol) Trizma base adjusted to pH 6.8
with HC1. Duplicate 5 ug and 10 ug samples of protein were placed in adjacent
wells. One empty well was left between sets of 5 ug and 10 ug samples to detect
overloading. Two lanes of Bio-Rad molecular weight standards (14-200 kDa) were
applied in each gel. Discontinuous SDS gel electrophoresis was performed at 200v
constant voltage until the tracking dye reached the bottom of the gel (approximately
30 min.).
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Proteins in gels were stained with a 40% methanol, 10% acetic acid,
0.04%(wt/vol) R-250 coomassie blue solution for 30 min. They were then
destained with a 24% methanol, and 12% acetic acid solution for 1 hour. Gels were
then placed in a holding solution (5%(vol/vol) methanol and 7.5%(vol/vol) acetic
acid) overnight
The gels were placed between two sheets of gel drying paper soaked in a
solution containing 40% methanol, 10% acetic acid and 3% glycerol. Gels were
dried for two hours at 80 C with a BIO-RAD model 543 gel dryer on the normal
cycle.
ANALYSIS
The distance that each polypeptide band migrated from the stacking and
lower gel interface was measured with Vernier calipers to the nearest 0.1 millimeter.
The molecular weight of each band of interest was obtained using a least squares
regression analysis, calculated from the log of the distance migrated by molecular
weight standards. The molecular weight of bands from samples within each
experimental group were compared against other replicates of the same experimental
group and the control group. Bands that appeared in an experimental group but not
in the control group were considered induced polypeptides. Bands that appeared in
the heat shock group but not in the control group were considered potiential HSP.
The mean molecular weights of these polypeptides were then compared against the
literature on HSP of vertebrates. Bands of interest were compared with the
concentrations of toxicant applied and the sex of the individuals within groups.
Observations of band intensity were also reported.
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RESULTS
The gels obtained from the experiment were very similar with only slight
differences. There were between 36 and 79 protein bands per gel lane; however,
only about half of these were clearly visible on the photographs. The control gels
contained 42 to 64 protein bands, fewer than the average of all gels in the
experiment. Representative patterns from control gels are shown in Fig. 1,lanes 3
and 4, Fig. 4, lanes 3 and 4, and Fig 5, lanes 5 and 6. Each band represents
polypeptides of a given molecular weight. A consensus set of 78 protein bands was
obtained by comparing the six control replicates. The consensus set consisted of all
protein bands in the control group, including the protein bands that appeared once
out of sue replicates. Protein bands were matched according to the distance migrated
in relation to molecular weight standards and visual appearance. The protein bands
migrated to distances corresponding to MWs of under 15 kDa to over 200 kDa.
However, most of the observed protein bands had MWs between 40 kDa and 90
kDa.
Protein bands of the seven experimental groups that did not fit the consensus
set of bands in the control group were tabulated and their molecular weights were
calculated. Table 1 summarizes the number of times protein bands of corresponding
MWs appeared in each treatment group. There were 10 protein bands between
MWs 43 kDa and 188 kDa found to be different from the control set. Heat shock
induced five protein bands of 188,130,105,78 and 43 kDa not found in the control
group. The 105,78, and 43 kDa protein bands were also found in the cadmium
groups. Three protein bands of 118, 55, and 47 kDa were found only in the
cadmium groups. A 63 kDa protein band showed a visual increase in staining in
both heat shock and cadmium groups. A 91 kDa protein band showed a visual
increase in staining in the 2,4,5-T group.
Five protein bands that appeared in the heat shock group but not in the
control group were considered heat shock proteins. Figure 1 is a photograph of a
mini protein gel containing heat shocked and control electrophoresis samples that
shows five HSPs of 188, 130, 105,78 and 43 kDa stained with R-250 coomassie
blue. The number of replicates that contained HSPs varied from two to four out of
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six for each HSP (Table 1). The 188 and 78 kDa protein bands appeared in four out
of six replicates. The 105 and 43 kDa protein bands appeared in three replicates and
the 130 kDa band appeared in only two replicates.
Six protein bands appeared in the cadmium group that did not appear in the
control group consensus set (Table 1). Of these six protein bands, three protein
bands of MWs 105,78, and 43 kDa appeared in both cadmium and heat shock
groups. They are considered cadmium inducible heat shock proteins. Three protein
bands of MWs 118,55,47 Da appeared in the cadmium but not in the control or
heat shock group and were considered non-heat shock cadmium inducible proteins.
Also, there appeared to be an increase in staining intensity at 63 kDa. This appears
to be the same band which staining increased in response to heat shock.
The number of cadmium induced proteins increased w! i increasing
concentration of cadmium. Figure 3, lanes 5 and 6 show the 118,78,63,55, 47,
and 43 proteins produced in response to 0.1 mg/kg/day CdCh. Lanes 3 and 4
show the 118, 78,63, and 55 kDa proteins induced by 0.01 mg/kg/day. Figure 4,
lanes 5 and 6, show only the 43 kDa protein band induced by 0.001 mg/kg/day
CdCl2.
Table 2 is a summary of all cadmium induced proteins from all three dosage
groups. Three protein bands of 105, 78 and 43 kDa induced by both heat shock and
cadmium appeared at least twice in the lowest cadmium concentration group (Table
2). The heat inducible 105 and 43 kDa proteins exhibited a visual change in staining
intensity with cadmium concentration. Also, notice that there are more cadmiuminduced protein bands in the highest concentration groups. The cadmium-induced
non-heat shock proteins at mean MWs 118 and 55 kDa exhibit both an increase in
staining intensity and an increase in the number of replicates containing those protein
bands with increasing cadmium concentration.
The 2,4,5-T samples appeared very similar to the controls. Figures 5, lanes
3 and 4, and Fig. 6, lanes 3-6, are photographs of gels that contain samples treated
with 2,4,5-T. No unique protein bands appeared in the 2,4,5-T treated groups.
However, an apparent increase in staining occurred for a band at mean MW 91 kDa
(Table 3). However, the number of replicates showing this increase in staining did
not increase with dose and the 91 kDa protein band was not induced by heat shock.
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Figure 1: Control and heat shock gel. Photograph of a one dimensional
SDS-PAGE gel with R-250 coomassie blue stained protein bands. Lanes from left
to right; high MW standards, low MW standards, 5 ug control(ct) sample, 10 ug ct
sample, 5 ug heat shock (hs) sample, 10 ug hs sample. Letters refer to bands of
corresponding MWs in kDa that are summarized in table 1. A(105), B(78), C(43),
D(130), E(188).
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Figure 2: Heat shock and high cadmium concentration gel. Photograph of a
one dimensional SDS-PAGE gel with R-250 coomassie blue stained protein bands.
Lanes from left to right; high MW standards, low MW standards, 5 ug heat shock
(hs) sample, 10 ug hs sample, 5 ug cadmium chloride(0.1 mg/kg/day) (cd3)
sample, 10 ug cd3 sample. Letters refer to bands of corresponding MWs in kDa
that are summarized in table 1. A(105), B(78), C(43), F(118), J(63).
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Figure 3: Medium and high cadmium concentration gel. Photograph of a
one dimensional SDS-PAGE gel with R-250 coomassie blue stained protein bands.
Lanes from left to right; high MW standards, low MW standards, 5 ug cadmium
chloride(0.01 mg/kg/day) (cd2) sample, 10 ug cd2 sample, 5ug cadmium
chloride(0.1 mg/kg/day) (cd3) sample, 10 ug cd3 sample. Letters refer to bands of
corresponding MWs in kDa that are summarized in table 1. B(78), C(43), F(118),
G(55), H(47), J(63).
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Figure 4: Control and low cadmium concentration gel. Photograph of a one
dimensional SDS-PAGE gel with R-250 coomassie blue stained protein bands.
Lanes from left to right; high MW standards, low MW standards, 5 ug control (ct)
sample, 10 ug ct sample, 5 ug cadmium chloride (0.001 mg/kg/ml) (cdl), 10 ug
cdl sample. Letters refer to bands of corresponding MWs in kDa that are
summarized in table 1. C(43).
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Figure 5: Low 2,4,5-T concentration and control gel. Photograph of a one
dimensional SDS-PAGE gel with R-250 coomassie blue stained protein bands.
Lanes from left to right; high MW standards, low MW standards, 5 ug 2,4,5T(0.03 mg/kg/ml) (tl) sample, 10 ug tl sample, 5 ug control (ct) sample, 10 ug ct
sample, Letters refer to bands of coiTesponding MWs in kDa that are summarized
in table 1. 1(91).
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Figure 6: Medium and high concentration 2,4,5-T gel. Photograph of a one
dimensional SDS-PAGE gel with R-250 coomassie blue stained protein bands.
Lanes from left to right; high MW standards, low MW standards, 5 ug 2,4,5-T(0.3
mg/kg/ml) (t2) sample, 10 ug t2 sample, 5 ug 2,4,5-T(3.0 mg/kg/day) (t3) sample,
10 ug t3 sample. Letters refer to bands of corresponding MWs in kDa that are
summarized in table 1. 1(91).

29

Bands of Interest
MOLECULAR WEIGHT

(kilodaltons)
range

mean

183-197

188

127-132

CONTROL

HEAT SHOCK CADMIUM

(20 min)

(0.1 mg/kg/day)

-

4

-

130

-

2

-

112-124

118

-

-

5

103-108

105

-

3

3

83-97

91

3

3

2

75-83

78

-

4

3

62-65

63

5

5*

4*

54-57

55

-

-

4

47-48

47

-

-

2

42-44

43

3

3

2-4-5-T

5*

Table 1: Summary of protein bands not found in control group gels or appear different
in staining intensity from the control group. Numbers in the treatment columns indicate
the number of samples in that treatment group out of six that exhibit a band of interest
within the corresponding MW range. * indicates that the staining intensity is increased
with concentration of treatment.
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CADMIUM INDUCED BANDS NOT FOUND IN CONTROL
MEAN

LOW

IN
MOLECULAR (0.001)
WEIGHT
mg/kg/day

MED

HIGH

INDUCED BY

CHANGES

HEAT SHOCK

STAINING
INTENSITY

(0.01)

(0.1)

mg/kg/day

mg/kg/day

118

1

3

4

no

yesA

105

3

3

3

yes

yesA

78

2

3

3

yes

no

55

1

3

4

no

yesA

47

-

-

2

no

n/a

43

4

3

3

yes

yesA

TABLE 2 : Summary of protein bands found in the cadmium group gels but not found in
the control group. Numbers in columns indicate the replicates out of six that exhibit the
protein band. AIndicates a increase in staining intensity with increased concentration.

2,4,5-T INDUCIBLE BANDS
MED

HIGH

MOLECULAR (0.03)
WEIGHT
mg/kg/day

MEAN

LOW

(0.3)
mg/kg/day

(3.0)
mg/kg/day

91

5

4

4

INDUCED BY
HEAT SHOCK

NO

CHANGES
IN STAINING
INTENSITY

YESA

TABLE 3 : Summary of protein bands in the 2-4-5-T group gels that appear different in
staining intensity from the control group. Numbers in columns indicate the replicates out
of six that exhibit the protein band. AIndicates an increase in staining intensity with
increased concentration.
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DISCUSSION
Only 86 distinct bands appear in the mini gels out of potentialy thousands of
proteins in an organism as complex as Peromvscus leucopus. Many proteins have
very similar molecular weights. Because only 40-80 bands were visible in the mini
gels out of thousands of proteins in a cell extract, each band may represent more
than one protein. The bands only show the relative amount of protein at a given
MW and do not give any information on how many proteins make up a band.
Because the number of proteins that make up a band is unknown, changes in
staining intensity of a given band could represent changes in concentration of
proteins or the synthesis of novel proteins. Therefore, the appearance of a new band
may represent a novel protein or a dramatic increase in synthesis of a constitutive
protein previously undetectable.
The R-250 coomassie blue stain is capable of detecting less then 0.2 ug of
protein (Dunbar 1987) and 10 micrograms were loaded onto the higher concentration
gel lanes. A constitutive protein would not be represented in control gels unless its
concentration makes up close to one percent of the total protein in the cellular extract.
Since up to 80 bands of different staining intensities were seen in some gels, the
sensitivity of R-250 coomassie blue in this study is probably closer to 0.01 ug. A
change in staining intensity or a newly seen band in an experimental group
represents a large change in the protein composition of the cellular extracts. This
suggests that the variability of the staining intensity of bands within the control
group represents a large variation in the protein makeup of an unstressed organism
thus complicating any attempt to find differences in protein composition following
exposure to toxicants.
HEAT SHOCK AND CONTROL GROUP
Heat shock and control lanes on the same gel had different staining patterns
(Fig. 1). Five HSP bands of mean MWs 188, 130,105, 78,43 kDa were detected
within the heat shock group (Table 1). However, no HSPs were seen in all
replicates of the heat shock group. HSPs were expected to appear in all samples
obtained from heat shocked Peromvscus. All heat-shocked animals exhibited
thermoregulatory behavior of wetting their coat with saliva to promote evaporative
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cooling, indicating a rise in internal body temperature. The 78 kDa HSP was seen in
four of six replicates, the largest number to exhibit a particular heat shock protein at
the same MW.
By contrast, two of the six heat shock replicates that did not have detectable
HSP bands, also had decreased staining intensity in all bands and reduced numbers
of protein bands. There are several possible explanations for the decrease in staining
intensity seen in some samples. First, the modified Lowry method is not very
sensitive (Peterson 1979). The absorbance is time-dependent and considerable
variation was seen in the duplicate samples used in this study to determine protein
concentration. This along with the small sample sizes loaded onto the gels increase
the potential for experimental error.
A second explanation could involve protein degradation. Heat shock
denatures proteins and increases protein degradation (Anthanan et al. 1986). These
smaller polypeptides resulting from degradation thus make up a greater proportion of
the total protein in the cells. These smaller polypeptides would be detected by the
modified Lowry method as part of the total protein concentration. However, they
would reduce the amount of large proteins in the application sample detectable by the
coomassie blue stain. The smaller polypeptides would run off the gels during
electrophoresis and never be detected.
The heat shock group contains proteins of MWs that are consistent with
descriptions from previous investigations. Other studies have shown that mammals
exhibit HSPs of 110,100 and 77 kDa in response to heat shock or glucose
starvation (Carlsson and Lazarides 1983; Munro and Pelham 1986;Welch et al.
1982). These are similar in MW to the 105, and 78 kDa found in this study.
However antibody cross-reactivity tests, or other more specific characterizations are
needed to confirm that these are the same proteins.
Although this study showed the production of a approximate 43 kDa protein
in response to heat shock, no previous references to a eukaryotic 43 kDa HSP have
been found. This may represent a unique HSP in Peromvscus or a breakdown
product of another HSP. Interestingly, a 43 kDa protein was found to be a major
degradation product of an autocatalytic 70 kDa Drosophila HSP (Mitchell et al.
1985). A concurrent study (Amy et al. unpublished observations) showed heatshock induced proteins at MW 45 and 100 kDa in the bacterium Alcaligenes
eutrophus JMP 228. However, MW alone is not enough evidence to suggest that
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the Alcaligenes prokaryotic proteins are related to the eukaryotic proteins found in
this experiment. A comparison of primary structure by peptide mapping or antibody
cross-reactivity would be needed to prove that these proteins are homologous.
Because protein migration is logarithmic in relationship to decreasing MW,
the 188 and 130 HSPs were difficult to distinguish from other bands. Distances
between bands in the upper fourth of the gels (Fig. 1-6) were as small as 0.5
millimeters. No HSPs with these approximate MWs have been reported previously.
It is possible that these bands are aggregates of other proteins that were not
effectively denatured prior to gel electrophoresis. However, hydrophobic,
hydrophilic and hydrogen bonding should be disrupted by SDS and betamercaptoethanol should break all disulfide bonds. Therefore, these are probably
denatured proteins.
CADMIUM CHLORIDE
Three of the cadmium -induced proteins MWs matched with the 105,78,43
kDa HSPs found in the heat shock group. Even the lowest CdCl2 concentration
induced corresponding bands (Table 2), indicating that this test is very sensitive to
CdCl2. The lowest group was exposed to a cadmium concentration less than one
tenth of that expected to produce a physiological response (Directorate-General
1978). Organisms may be more sensitive to cadmium than previously thought
This supports the idea that heat shock proteins are sensitive enough to be used as
indicators of environmental stress at levels below what has been accepted as
producing a physiological response in the past.
The production of 105 and 78 kDa HSPs by cadmium is supported by the
literature. Previous studies have indicated that 100 and 80 kDa HSPs are induced by
cadmium exposure (Courgeon et al. 1984;Welch et al. 1982). The mechanism by
which cadmium induces the production of these proteins is presently unknown.
Another HSP whose MW corresponds closely to the 78 kDa found in this study is
Grp 78, which is known to be induced by calcium ionophores (Sciandra et al.
1983). since cadmium and calcium are both divalent cations, intracellular cadmium
could mimic the increase in cytosolic calcium caused by calcium ionophores and
induce the production of Grp 78.
The most interesting results from CdCfe exposure were the cadmiuminduced non-heat shock proteins. These proteins appeared in the gels at
corresponding MWs of 118,55, and 47 kDa. Cadmium-induced non-heat shock
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proteins with these MWs have not been previously reported. These bands may be
the result of novel proteins or an increase in the amounts of constitutively produced
proteins over the 14-day treatment period.
There are several explanations for why non-HSPs would be induced
following cadmium exposure. It is known that liver enzyme activity levels change
following cadmium exposure (Directorate-General 1978; Friberg et al. 1971). The
change could represent the production of more enzymes in response to the stress and
consequendy more protein at some MW bands. However, enzyme activity can
increase following allosteric modifications without an increase in the amount of
enzymes present.
Since protein serves as the major structural component of animal tissues it is
quite possible that the additional bands are increased amounts of structural proteins.
The livers obtained from the group of Peromvscus exposed to the high cadmium
chloride doses (0.1 mg/kg/ml) were brittle and fibrous. A similar morphological
change in liver tissue has also been noted in past experiments (Directorate-General
1978;Friberg et al. 1971). The existence of additional tissue would be expected to
change the types and amounts of proteins of the extracted livers in this experiment
since the invaded tissue would be expected to have different proportions of some
types of proteins.
Examples of proteins known to be produced in response to cadmium
exposure are the metallothioneins (reviewed by Hammer 1986). Metallothioneins
are small ( less than 10 kDa) proteins rich in cysteine residues, forming clusters of
thiolate bonds that effectively bind divalent cations. They play an importent role in
the detoxification of heavy metal ions such as cadmium. The gels that contained
samples exposed to cadmium would be expected to contain metallothionine.
However, metallothionein was not detected in this study. No novel bands or
increase in staining of bands was seen in the 10-14 kDa region of the cadmium
group gels. All of the gels in all of the groups had a dark staining band in this
region. It is possible that metallothionein was obscured by this dark staining band.
Because this region of the gel is so concentrated with protein, it would be difficult to
see an increase in staining due to metallothionein.
Metallothionein induction following the cadmium treatments could be
verified by testing a sample from a cadmium exposed animal for its ability to bind
cadmium. Cadmium could be detected using spectrography. As another method,
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antibodies against metallothionein could be used to verify its presence in samples
from cadmium exposed animals. Alternatively, two dimensional gel electrophoresis
can be us«l to determine both MW and isoelectric point of an unknown protein and
compare it with reported values of MW and isoelectric point of metallothionein.
Although, MW and isoelectric point alone would not be considered definitive
evidence.
2-4-5-T
Only one noticeable difference from the control group was seen in the protein
profiles of the 2-4-5-T groups. A 91 kDa protein band had a greater staining
intensity in the 2-4-5-T groups than in the control group (Fig 3,6-7; Table 3).
Whether this represents a novel protein or an increased concentration of a
constitutive protein is not currently known. Isolation of the appropriate MW fraction
followed by two dimensional electrophoresis could clarify this situation. A 90 kDa
HSP associated with glucocorticoid receptors in murine fibroblast could be a
possible explanation for this band (Sanchez 1985;Welch et al. 1983). Because the
liver is a major target organ of gluccocorticoids, the 90 kDa HSP would be expected
to be present in large quantities in this tissue. However, studies on primary
structure will need to be done to support this claim.
Few studies have revealed the possible effects of 2-4-5-T exposure.
Although, it has been implicated as a possible teratogen, since birth defects increased
in several strains of mice exposed to 46 -113 mg/kg 2-4-5-T during days 6-15 of
gestation (Courtney et al. 1970). In addition, the ability of chicks to acquire normal
developmental behaviors such as jumping and pecking was retarded following
exposure to 7 mg/kg 2-4-5-T during day 15 of incubation (Sanderson and Rogers
1981). However, no noticeable physiological effects have been seen following
ingestion by rats, dogs, or humans (Gehring et al. 1973; Piper et al. 1973).
If 2-4-5-T is as a weak mutagenic agent (Courtney et al. 1970), it might not
be expected to produce many physiological responses in 14 days. For a mutation to
be seen in the exposed tissue, it must affect a large portion of that tissue. A mutation
in any one cell could cause cell death or an alteration of that cell’s products. Neither
of these results would be noticed in a lysate of thousands of cells. Only a cancer
producing mutation would be seen, since many new cells would then make up the
cell lysate. However, an HSP that is produced in response to general DNA damage
might be seen in a cell lysate. The production of a stress protein in response to an
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agent that does not cause an immediate physiological effect, but does cause
mutations, provides a weak correlation with a mutagenic stress to a protein produced
in response to stress. The hypothesis would be that this protein is produced to
protect against the mutagenic stress. However, correlation does not prove causal
relationship.
A good model to investigate this mutagenic HSP hypothesis would be germ
cell lines in the testes or ovaries of an organism exposed to 2-4-5-T. The induction
of HSPs designed to protect DNA might be more important in these tissues. From
an evolutionary perspective it would be advantageous to protect germ cell lines from
excessive mutations. The chance of a deleterious mutation occurring is much higher
in the germ cells since progeny will express far more genetic material throughout
development then a somatic cells limited phenotypic expresion. Also, the
examination of the progeny following exposure to 2-4-5-T would allow for the
detection of mutations that affect any tissues throughout development.
EVALUATION
To confirm the existence of HSPs in Peromvscus. more information is
needed regarding the proteins detected in this study. Several methods may be used
to characterize these proteins. Two dimensional gel electrophoresis can distinguish
proteins of equal MW, since this technique uses both MW and isoelectric point as
criteria for separation of proteins (O' Farrel 1975). This could be done with aliquots
of crude cell extract fractionated by MW to decrease the total number of proteins
separated per sample. Because there is a limit to how much protein can be separated
in a isoelectric focusing gel, fewer proteins at higher individual concentrations
should result in grater detectability.
A second method that would allow comparisons of two proteins is
polypeptide mapping. This involves a site specific enzymatic proteolytic cleavage
based on primary sequences. If the fragments of two proteins exposed to the same
enzymatic digestions migrate to the same distances during electrophoresis, they have
the same primary sequence at cleavage sites and polypeptide length between sites.
Therefore, it can be implied that their primary sequences are very similar.
The most effective way of characterizing the proteins would be antibody
cross-reactivity tests. Cross-reaction occurs when monoclonal antibodies against a
protein react with another protein. When two proteins have identical antigenic sites,
it implies structural similarity. Cross-reactivity of antibodies from proteins of two
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different organisms can suggest some homology between the proteins of these
organisms. Antibody cross-reactivity tests are more sensitive than coomassie blue
staining (Robyt and White 1987) and unlike radioactive labeling, they can be used to
monitor a long-term low-level exposure. Radioactivity would become dispersed as
proteins containing radioactive amino acids are degraded. Antibodies only react to
the portion of proteins containing the antigenic site, so non-denaturing and
denaturing gel electrophoresis followed by an antibody cross-reactivity testing
would be the best way to monitor HSP concentration in an organism. Antibody
binding to a protein band would limit confusion when multiple bands migrate
similarly. Even if one band obscured another, antibody binding would indicate that
a protein having the antigenic determinant site was part of the larger multiprotein
band. By using antibody reactivity to known amounts of HSPs as a control, a more
precise measurement of the amount of HSP present in a sample can be made.
Heat shock proteins appear to be a general, rather than specific, response to
stress (reviewed by Lindquist 1986). It is doubtful that a specific type of stress in
the environment can be determined by the presence of selective heat shock proteins
alone. With only 12 commonly reported HSPs, there do not appear to be enough
HSPs specific to individual types of stress (reviewed by Lindquist 1988). In order
to put the concept of how many specific HSPs would have to be analyzed in order to
identify a stress, a reverse scenario of how many symbols would be needed to
encode for a given number of stresses can be used. With 12 symbols that can be
only present or absent, only 4096( 212) possible stresses can be encoded compared
to almost an endless number of possible stresses. This is assuming every possible
combination is used. A highly unlikely possibility since many of the HSPs would
likely have similar functions and would be expected to be induced by similar
stresses. It would take either a tremendous number of HSPs yet undiscovered or the
very accurate quantification of HSPs to determine the stress affecting an organism
through a HSP test. Accurate quantification would extend the number of possible
outcomes of a HSP test, but then the amount of a stress could be confused with the
kind of stress affecting an organism. Two stresses may induce the same proteins
but at different levels and leave an ambiguous result. Do the results indicate more of
one stress or less of another stress? Ratios between different HSPs versus the type
of stress would also have to be determined to resolve this conflict.
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HSPs may be more useful in toxicological evaluations where a strictly
controlled environment can be maintained. Comparing a HSP response curve to
specific doses of toxicants ranging from below the physiological-effect level to a
lethal level could allow for more accurate determination of the no-effect dose. If
HSPs are produced below an accepted no-effect dose, then the dose response curve
must be effectively extended to lower doses. As more is learned about individual
HSPs, toxicological mechanisms may also be determined. For example, if a stress
protein was known to be produced in response to incomplete translation of mRNA,
then a toxicant that induces this HSP should be tested for its ability to cause
incomplete translation of mRNA.
Before an assumption of abnormal levels of HSPs can be made from
laboratory studies, the normal occurrence of HSPs from organisms in the natural
environment must be known. Natural fluctuations in environmental parameters such
as temperature fluctuations, food and water availability, (and others) may be more
stressful than even the 0.001 ml/kg/day cadmium chloride of this study. Field
studies must be done to determine the amount of HSP production under normal
environmental conditions. Comparisons can then be made between the level of
stress caused by a chemical agent and the ability of an organism to tolerate stress.
HSPs have tremendous potential for monitoring the cellular response to
stress, both in environmental testing and toxicological evaluation. The HSP
response appears to be sensitive and universal enough to accomplish these goals.
Differences were noted in groups with the lowest concentrations of cadmium and 24-5-T exposure in this study. The challenge of using HSPs for these puiposes is
limited by the ability to accurately detect and quantify the heat shock response. With
further advances in techniques and new knowledge of the heat shock response, the
use of HSPs for toxicological studies may become more feasible.
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